
vex 





( 



3 



INVESTOR IN PEOPLE 




PRIORITY 




The Patent Office 
Concept House 
Cardiff Road 
Newport 

South-Wales 



mii) m 2 1 FE3 2003 



PC- 



I, the undersigned, being an officer duly authorised in accordance with Section 74(1) and (4) 
of the Deregulation & Contracting Out Act 1994, to sign and issue certificates on behalf of the 
Comptroller-General, hereby certify that annexed hereto is a true copy of the documents as 
originally filed in connection with the patent application identified therein. 



In accordance with the Patents (Companies Re-registration) Rules 1982, if a company named 
in this certificate and any accompanying documents has re-registered under the Companies Act 
1980 with the same name as that with which it was registered immediately before re- 
registration save for the substitution as, or inclusion as, the last part of the name of the words 
"public limited company" or their equivalents in Welsh, references to the name of the company 
in this certificate and any accompanying documents shall be treated as references to the name 
with which it is so re-registered. 



In accordance with the rules, the words "public limited company" may be replaced by p.l.c, 
pic, P.L.C. or PLC. 

Re-registration under the Companies Act does not constitute a new legal entity but merely 
subjects the company to certain additional company law rules. 




Signed 



Dated 28 January 2003 




An Executive Agency of the Department of Trade and Industry 
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PREPARATION OF NANOP ARTICLES 

The present invention provides a method for the production of nanoparticles using a 
continuous flow miniaturised reaction vessel. 

Nanocrystalline semiconductors are of considerable scientific and commercial interest 
owing to their tuneable optical and electronic properties, and their potential 
applications in a wide range of electronic devices. Physical characteristics of 
nanocrystallites are determined primarily by spatial confinement effects with 
properties such as the optical band gap often differing considerably from the bulk 
semiconductor. As these properties are ultimately determined by the physical size and 
shape of the crystallites, there is considerable interest in processing routes that yield 
nanoparticles of well-defined size. 

Known techniques for producing near monodisperse nanoparticles are relatively 
complex. Usually, the nanoparticles are produced in two stages: a poly-disperse 
sample of nanoparticles is first obtained using standard synthetic routes. Isolation of 
nanoparticles of a given particle size can then be performed by means of repeated 
recrystallisations. This method is time consuming due to the need for repeated 
. recrystallisations and results in low product yields. In addition, this method is not 
amenable to industrial or commercial scale up. This approach is therefore suitable 
only for the production of nanoparticles in a research environment. 

The first aspect of the invention provides a method for the preparation of nanoparticles 
using a continuous flow miniaturised reaction system. 

The continuous flow format utilises a miniature reaction vessel wherein products are 
continuously extracted and reactants continuously replenished. The present invention 
utilises a microfluidic reaction vessel wherein the reactant and product samples are 
transported and manipulated through one or more channels wherein the channels have 



a cross-section of from approximately 1000 microns to approximately 0.1 microns. 



As previously discussed, the present invention involves the use of a miniature reaction 
vessel. For the present invention, the reaction vessel has a reaction volume of between 
5 1 x 10" 5 to 1 x 10' 11 litres preferably 1 x 10" 6 to 1 x 10" 10 litre, more preferably 1 x 10' 7 
to 1 x 10" 9 litre. It will be appreciated that the actual volume of the reaction vessel 
may be greater than the reaction volume utilised for the production of nanoparticles. 
For example, the reaction vessel may have a total volume of 5 x 10" 7 litres, while a 
reaction volume of 1 x 10" 8 litres or above is used. 

10 

The reduced reaction volume of the reaction vessel allows; 

- Rapid mixing of the reactants (via a diffusive process) 

- Chemical homogeneity through the reaction volume; and 
1 5 - Temperature homogeneity through the reaction volume. 

Since any variations in local conditions are liable to cause variations in crystalline 
size, this allows the production of nanoparticles of uniform size and* chemical 
composition. 

20 

The present invention therefore provides a method for preparing monodisperse 
nanoparticles by a direct one-stage process. This method provides nanoparticles of a 
defined size due to the uniform temperature and chemical homogeneity within the 
reaction vessel without need for further isolation by recrystallisation. This technique 
25 is well suited to commercial or industrial production of nanoparticles as the 
nanoparticles are directly isolated from the production method without the need for 
further isolation or purification (for example by recrystallisation). 

The continuous flow system of the invention provides nanoparticles in sufficient 
30 quantities for commercial and industrial use. The continuous flow system allows the 
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constant supply of reactants and the constant removal of product. It is therefore 
possible to run the continuous flow system in a constant manner or for specified 
periods of time to obtain the required yield of nanoparticles. The continuous flow 
system also allows recycling of unreacted or partially unreacted starting materials into 
the reaction vessel to increase the yield and efficiency of the reaction method. Thus it 
will be appreciated that while the instantaneous reaction volume of the reaction vessel 
may be small, the volume of the reactants and ultimately product passing through the 
reaction vessel may be significant. In addition, two or more reaction vessels can be 
connected in parallel and provided with the reactants. The number of reaction vessels 
connected in parallel or the number of connected reaction vessels supplied with 
reactants can be varied depending on the quantity of nanoparticles required. 

The continuous flow system allows the constant recovery of product, as it is not 
necessary to halt the production to isolate or purify the reaction mixture. It will be 
appreciated however that the recovered product may undergo purification as required. 
The present invention therefore provides a method for the production of nanoparticles 
which is more time efficient, capable of commercial and/or industrial application and 
which provides nanoparticles in high yield. 

The precise control of the reactants and product within the reaction vessel allows the 
interruption of chemical reactions and allows the isolation of a particular nanoparticle 
size as required. Thus the present invention provides a method for the preparation of a 
nanoparticle of a well-defined size. The ability to provide nanoparticles of a defined 
size is of particular importance for the use of the nanoparticles in electronic devices, as 
the optical properties of the nanoparticles is influenced by their size. 

For the purposes of this invention, the term "monodisperse" relates to a narrow 
distribution of particle diameters within a population of nanoparticles. It will be 
appreciated that the operational definition of narrow will be dependent on the precise 
application but will typically relate to a size distribution with a variance of up to 



±20%, preferably a size distribution with a variance of up to ±10%, more preferably 
-wife a^arianee-0f^round-±2%- 



The method of the first aspect can be used to produce nanoparticles of varying 
chemical compositions. Examples of such nanoparticles include cadmium sulphide, 
cadmium selenide and zinc sulphide. 

In a second aspect, the present invention further provides a nanoparticle as produced 
by the method of the first aspect. 

A third aspect of the present invention provides a nanoparticle production device 
comprising one or more inlets, a reaction chamber and one or more outlets. For the 
purposes of this invention, the device can comprise two or more reaction chambers 
connected in parallel supplied by one or more inlets and one or more outlets. 

The invention may be put into practice in various ways and a number of specific 
embodiments will be described by way of example to illustrate the invention with 
reference to me accompanying drawings, in which: 

Figure 1 shows a schematic representation of a continuous flow method in which 
reactants are continuously supplied to a reaction chamber and the resulting product is 
continuously removed therefrom. 

Figure 2 shows a schematic representation of a continuous flow method in which the 
reactants are recycled back into the reaction vessel. 

Figure 3 shows the central portion of a micromixer chip wherein two inlet flows 
containing reactants are split into 16 partial flows (one inlet arrives from a lower layer 
(not shown)). After mixing the channels are then sequentially recombined in a reverse 
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network until all partial flows are united in one broad outlet channel. 

In order to provide nanoparticles of uniform distribution, it is necessary to maintain 
the chemical homogeneity of the reaction mixtures within the reaction vessel. This is 
5 particularly important for reactions wherein the rate of reaction is of the same order or 
much shorter than the mixing time of the reactants. In a preferred feature of the first 
aspect, the miniature reaction vessel is fitted with a fast micromixer such as a 
continuous flow micromixer as described below. 

10 Referring to Fig. 1, the continuous flow micromixer 10 comprises two inlet flows 12, 
14 (each containing one of the reactants) split into a series of separate multichannel 
streams 20 (shown in more detail in Fig. 3) (16 partial flows) before bringing them 
back into final contact. As the diffusion time of the reactants which in the stream is 
proportional to the diffusion distance splitting each reagent stream into n substreams 

15 of similar width decreases mixing times by a factor n 2 . After mixing, the channels are 
then sequentially combined in a reverse network 22 until all partial flows are united in 
one broad outlet channel 24. As shown in Fig. 2, unreacted or partially reacted 
reactants can be recycled back into the reaction chamber 26 via outlets 28,30. 

20 In order to provide monodisperse nanoparticles, it is necessary to prevent coalescence 
of the nanoparticles during and after their formation. This is achieved by isolation of 
the nanoparticles from the reaction mixture. This prevents coalescence of the newly 
formed nanoparticles to form larger crystallites. Monodisperse nanoparticles can also 
be obtained by stabilising the nanoparticles, for example by the addition of one or 

25 more stabilising agents via an additional flow channel or by exposing the isolated 
nanoparticles to one or more stabilising agents. In one embodiment of the present 
invention a further chemical species is added to the reaction mixture to stabilise the 
formed nanoparticles. Examples of such chemical species include s.odium 
polyphosphate, tributylphoshine oxide, pyridine, octanethiol and thiourea. It is also 

30 possible to prevent coalescence and hence polydispersity of the nanoparticles by 
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increasing the flow rates of the reactaats into and through the reaction vessel. For the 

pooip-oses^f-the-presen^ 

vessel at a flow , rate of lOnL/min to 5ml/min, preferably up to 2ml/min. More 
preferably reactants are provided out at volumetric flow rates of 10 microlitres/min to 
5 500 microlitres/min. 

The present invention provides nanoparticles of uniform and defined size. Such 
nanoparticles can be used as optical moieties in for example nanocrystaUine 
semiconductors. The composition of the nanoparticles is not limited and can include 
10 cadmium sulphide, cadmium selenide or zinc sulphide. 

The reactants for the present invention can be carried out in aqueous or organic 
solvents. It will be appreciated that the reaction vessel should be selected for its 
compatibility with the solvent of the reaction (i.e. aqueous reaction solvents allow the 
15 use of plastic reaction vessels while some organic solvents will require the use of 
quartz, metallic or glass reaction vessels). 

The present invention will now be described with reference to the following non- 
limiting example. 

20 

EXAMPLE 



CdS nanoparticles were obtained by directly mixing 4x10 aqueous solutions of 
Cd(N0 3 ) 2 4H 2 0 and Na 2 S (Mahtab R.; Rogers J. P.; Singleton C. P.; Murphy C. J.; 
25 Am. Chem. Soc. 1996, 118, 7028-7032). To aid stabilisation of the resulting 
nanoparticles, an equal quantity of sodium polyphosphate was added to the cadmium 
nitrate solution prior to mixing. A syringe pump was used to deliver the reagents into 
the microfluidic channel network at various flow rates (10-300 |^L/min). The outlet 
flow from the distributive mixer chip was coupled to a quartz flow cell (10 mm 




pathlength) and absorption spectra were obtained using a Perkin-Elmer, Lambda 15 
UV-Vis spectrometer. 



CLAIMS 



1. A method of producing nanoparticles using a continuous flow miniaturised 
reaction vessel. 

5 

2. A method as claimed in claim 1 wherein the reaction volume of the reaction 
vessel is from 1 x 10~ 5 to 1 x 10" u litres. 

3. A method as claimed in claims 1 or 2 wherein the nanoparticles produced by 
10 the method are monodisperse. 

4. A method as claimed in any one of claims 1 to 3 for the production of cadmium 
sulphide nanoparticles comprising combining an aqueous solution of a 
cadmium salt and a sulphide salt. 

15 

5. A method as claimed in any one of claims 1 to 4 characterised in that a reactant 
is continuously supplied to the reaction vessel and the nanoparticles produced 
thereby continuously removed therefrom. 

20 6 • A nanoparticle produced by the method of any one of claims 1 to 5 . 

7. A nanoparticle production device comprising one or more inlets, a reaction 
chamber and one or more outlets. 

25 8. A method as substantially hereinbefore discussed with reference to or as shown 
in the examples. 



9. 



A nanoparticle production device as substantially hereinbefore discussed with 
reference to or as shown in the drawings. 



* * 
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